We demonstrate plasmonic lithography with an optical contact probe to achieve high speed patterning without external gap distance control between the probe and the photoresist. The bottom surface of the probe is covered with a 10 nm thickness silica glass film for the gap distance control and coated with self-assembled monolayer (SAM) to reduce friction between the probe and the photoresist. We achieve a patterning resolution of ~50 nm and a patterning speed of ~10 mm/s. We obtain the quality of line patterning comparable to that in conventional optical lithography. 
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Introduction
Optical lithography has played a key role in the progress of the semiconductor industry over the past several decades because of its high productivity. Lithography methods currently used in manufacturing nano-scale devices are mainly based on optical technology using equipment that is widely used in many industrial processes. Optical lithography has progressed by pushing the optical resolution limit to allow production of high-density electronic devices. The optical resolution, which indicates the imaging performance of an optical lithography system, is limited by the intrinsic property of light diffraction. To overcome the diffraction limit, a number of research efforts have been devoted to developing new techniques based on near field lithography [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Recent discovery of extraordinary transmission of light through a perforated metal film [11] [12] [13] [14] [15] [16] [17] has offered new possibilities for optical lithography with a high-intensity near field generated by the metal nano-aperture. Lithography systems using such high-transmission nano-apertures have achieved resolution below the diffraction limit, and have initiated the development of new schemes of plasmonic nanolithography to transfer arbitrary nano-patterns [18-21].
To realize high optical resolution, the gap distance between the aperture and photoresist (PR) should be precisely maintained in the range of a few tens of nanometers, since the coupling of the near field is extremely sensitive to the gap distance. In addition to this difficulty, a main drawback of near-field lithography is low throughput of the patterning.
A pioneering method to improve the throughput was recently reported by Srituravanich et al. [22] . They fabricated a four-by-four plasmonic lens array attached to a hard-disk head aerodynamically floated 20 nm above the rotating disk and demonstrated a patterning speed of 12 m/s. However, we expect that this floating method still has barrier of precise gap distance control with a larger area head for extending to an array probe system.
To rapidly pattern nano-scale, molecule-based features in a contact printing manner, parallel processes with two-dimensional cantilever arrays or with flexible polymer pen arrays for dip-pen lithography have been demonstrated [23, 24] . The parallel process with a pen array was only intended for an array pattern of the same structure, since each pen of the array could not be separately activated. In order to produce nano-scale patterns of larger scale, we need a probe array whose elements can be separately activated.
Using an array of nano-aperture probes in a parallel process is a promising way to realize high-throughput, near-field optical lithography. However, it is difficult in practice to implement an optical probe array holding thousands or millions of elements for near field recording, since the gap distance between each probe and the substrate to be patterned should be accurately maintained in the range of tens of nanometers. To solve this issue, we propose an array of optical probes to be scanned in contact mode, which can assure a uniform nanoscale gap distance between each probe and the substrate without any active control unit. Each optical probe has an additional solid thin film layer underneath the aperture so that it can physically contact the substrate, maintaining the gap distance during the scanning.
As a proof of concept, we have designed and fabricated a contact optical probe which has a bowtie-shaped high-transmission nano-aperture in an aluminum thin film. The aperture is covered with a dielectric protection layer which maintains the gap distance between the probe and substrate in the nanometer range. We test the performance of this contact optical probe for near field patterning. Line width and depth are plotted as a function of exposure dose and compared to the corresponding curves calculated by near field pattern modeling. We evaluate the quality of line-width and depth uniformities of the line patterns in order to extend this method to the practical application of plasmonic lithography. Finally, high speed line patterning is demonstrated to test the performance of plasmonic lithography with the contact probe.
Design of plasmonic contact probe
For plasmonic lithography in contact mode, we have designed an optical probe holding a high-transmission, bowtie-shaped nano-aperture in a metal film. To protect the aperture from contamination and abrasion, the optical probe is filled with a dielectric material in the hole and covered with a dielectric protection layer whose thickness is governed by the gap distance between the probe and substrate.
We calculate electric field distributions in a bowtie-shape aperture in an aluminum film (for Al, ε = −22.413 + 4.410i, Lorentz-Drude model) at a wavelength of 405 nm with an xaxis polarized incident beam using FDTD (finite differential time domain) program (OptiFDTD ver. 8.0) to simulate the realistic process of patterning on a photoresist (PR). The intensity of incident plane wave is assumed to be 1 (V/m) 2 . The dielectric medium is silica glass (SiO 2 , ε = 2.25) which is transparent in the wavelength range and easily coated with by plasma-enhanced chemical vapor deposition (PECVD).
We compare the results of FDTD calculations for the two different designs of the optical apertures, one in air (the aperture and gap material is air) and one in silica glass (the aperture is filled with silica glass and gap is formed by same material) (Fig. 1) . We set the ridge gap at 20 nm, which is the fabrication resolution of the focused ion beam (FIB) device. The thickness of the protection layer is 10 nm so that the field distribution can make a smooth, round spot of a minimum size [25] . Compared to the aperture in air, the aperture in silica glass with same dimension shows a shorter guide wavelength and longer cutoff wavelength [26] [27] [28] . To fit the TE 10 mode, an aperture should be shrunken for dielectric filled design. We therefore adjust the outline dimension of the bowtie aperture from 200 nm to 140 nm to obtain the highest transmission of the aperture and the smallest spot size. The dimensions and specifications of the optimized aperture designs for both cases are listed in Table 1 . Compared to the air aperture, we find that the intensity of the dielectric filled aperture drops less than 20% and the spot size is even smaller. Fig. 1. (a) A bowtie-shaped aperture designed with air gap, (b) designed with silica glass as the gap material. In both case, glass is used as a substrate of the aperture. For the FDTD calculation, we assume the x-polarized light is incident on the aperture and the gap distance between the aperture and PR is 10 nm. T is the thickness of metal film and O and R are the dimensions of the outline and ridge gap, respectively, of the bowtie-shaped nano-aperture. The lower boxes in each figure show the total field distribution in the observation plane, indicated by dotted lines in each aperture. 
Fabrication process of plasmonic contact probe
The contact optical probe is fabricated by the following steps. We cut the edge of a hemispherical (2 mm in diameter half ball lens, Edmund Optics) solid immersion lens (SIL) to make a conical shape with a diamond turning machine (DTM), leaving a flat surface in 30 µm diameter on top. Additionally, FIB (SII SMI3050) milling is used for a small contact area with 3 µm diameter top surface. To maintain intimate contact with the sample, the surface quality (roughness) of the probe is an important feature. The rms (root-mean-square) roughness of the flat surface measured with an atomic force microscope (AFM, PSIA XE-100) is ~1 nm. An Al film of 120 nm thickness is coated on the flat surface using ion beam assisted thermal evaporation. A thin Cr layer of 2 nm thickness is added to ensure the adhesion of the Al film and the glass substrate. After depositing the Al film, we illuminate the surface of the Al film with the low-energy ion beam in argon to make the rms surface roughness less than 2 nm.
Bowtie nano-apertures designed in this work are formed on the metal film by FIB under 30 kV acceleration voltage, 1 pA current and 5 µs dwell time. To fill the nano-aperture with the dielectric material, we deposit a 300 nm thick silica glass film atop the metal film holding the aperture using PECVD (Oxford Instrument Plasma-lab Plus 80) at 300 °C with gas mixture (SiH 4 /He: 170 sccm + N 2 O: 710 sccm) and 670 Å/min deposition rate [29] . To obtain a good quality silica glass film, special care must be taken to maintain constant process conditions of temperature, gas mixture, and deposition rate.
In order to use the silica glass film not only for protection from contamination of the aperture but also for control of the gap between the contact probe and PR, we reduce thickness of the silica glass film from 300 nm to 10 nm using FIB milling. By observing a 10 nm thick tungsten marker which is formed on Al film before the deposition of silica glass, we detect endpoint of the milling process to fit the thickness of remained silica glass. We run the optimized process under the conditions of 30 kV acceleration voltages, 690 pA current and dwell time of 50 µs to avoid the deposition of debris due to secondary sputtering.
Finally, vapor deposition is used to apply a 1H, 1H, 2H, 2H-perfluorooctyltrichlorosilane self-assembled monolayer (SAM) to the bottom of the silica film, which reduces stiction and friction by a factor of ten in the contact between the SiO 2 layer and PR [30] [31] [32] [33] . We find that 10 nm-depth scratches are produced by the scanning probe when we apply a load of 65 µN on the contact probe without SAM coating. When SAM is applied on the bottom surface of the contact probe, however, no scratches are produced even though we apply a load of 325 µN on the contact probe.
Experimental setup
The plasmonic lithography system with a contact probe is shown schematically in Fig. 2 . The bowtie-shaped nano-aperture is formed in the Al metal film coated on bottom of the SIL. The SIL is coupled with a high NA (0.8) objective lens (Nikon CFI LU Plan Epi ELWD 100×) to focus a diode laser beam of 405 nm wavelength onto the nano-aperture. The laser source (CrystaLaser, BCL-025-405S) has a polarization-maintaining optical fiber to keep the degree of the polarization at ~0.98. The spot size, tightly focused at the focal point, is estimated to be 340 nm. The probe is supported with a spiral-shaped sheet metal spring with a 50 µm thick of stainless steel which has a spring constant (k) of 130 N/m. To ensure intimate contact between the probe and PR, the applied vertical load is controlled with spring deformation induced by the displacement of the contact probe just after contact.
A positive type PR (Shipley S1805) of 400 nm thickness is coated at 5000 rpm in 40 s on a silicon substrate of 10 mm × 10 mm area. After soft-baking the PR coated on the substrate at 115 °C for 180 s, we hold the substrate with a vacuum chuck on a nanometer resolution sample scanner (Physik Instrumente P-621.2CL). During the patterning process, the vertical load is applied at the contact probe sliding on the surface of the PR. Without an external gap control unit, we can keep the contact between the probe and PR with a vertical load of 13 ± 2.5 µN in the scanning range of the PR surface. We determine the exposure dose by adjusting the scanning speed of the sample scanner, the spot size of the beam, and the power illuminated on the nano-aperture. The exposed patterns are developed in a developing solution (MF CD-26) for 10 s. Fig. 2 . Schematic of the plasmonic lithography system with a contact probe. The contact probe is fabricated in a 120 nm thick aluminum thin film. The aperture hole is filled with silica glass and covered with a 10 nm thick silica glass film for maintaining constant gap distance between the aperture and PR. A SAM is coated on the bottom surface of the silica glass to reduce friction.
Experiment results

High resolution line pattern
To evaluate the performance of the plasmonic lithography system, we obtain line patterns recorded by scanning the contact optical probe. This produces the high resolution line pattern shown in Fig. 3 . As indicated in Table 1 , the shape of the beam is elliptical with smaller width in the y-axis. We scan the optical probe in the x-axis direction to obtain a smaller width line pattern. The line width of the pattern is about 50 nm, which is closely matched to the simulated spot size produced by the bowtie aperture. We note that the features of the line pattern, such as line width, depth, and pattern quality, are quite similar to those obtained by other groups controlling the gap distance between the optical probe and PR [34]. 
Pattern width and depth profile as a function of exposure dose
With the localized electric field produced by a metal nano-aperture, plasmonic lithography can achieve resolution smaller than the diffraction limit. It is well known that the pattern recorded with a nano-aperture is quite different than that formed by a propagating electric field in a conventional lithography system, since the electric field around the aperture sharply decays along the direction of the aperture hole in the metal film. According to plasmonic lithography modeling, there is a trade-off between resolution and depth of the pattern since the pattern profile enlarges with increasing incident dose [25] .
Assuming the geometry of the nano-aperture shown in Fig. 1b , we calculate the line pattern profile using the FDTD method. From the calculation of FDTD, we determine the exposure dose E 0 to form pattern depth of 10 nm. We normalize the exposure dose with E 0 , indicating theoretical results as a function of the relative exposure dose (E/E 0 ) in the Fig. 4 . Scanning the profile of the line pattern with AFM, we determine its width and depth from the averages of those values taken at cross sections of the profiles at five arbitrarily selected points. In the experiments, we set the scan speed at 20 µm/s with illumination beam diameter of 5 µm and change the laser power from 10 to 40 µW.
In Fig. 4 , we plot the width and depth of the line pattern recorded at several different exposure doses. We also calculate width and depth using plasmonic lithography modeling, indicated by the solid and dotted curves, respectively, in the same figure. The width and the depth of the experimental line patterns qualitatively follow the calculated curves, although there are small discrepancies. We presume that small imperfections in the fabrication of the metal nano-aperture may reduce transmission and cause a slightly larger spot size with smaller depth, causing the discrepancies in Fig. 4 . Comparing the experimental result with the model, we obtain a threshold dose of 30.6 mJ/cm 2 which indicates the minimum dose to form a pattern underneath the contact probe. The threshold dose of PR used in this work is 20 mJ/cm 2 (at 405 nm wavelength), which is measured by far-field exposure tool. This means that the probe has transmission efficiency of the order of 1.
Line pattern quality evaluation
Adequate pattern quality in near-field optical lithography is one of the most important requirements for its practical application. To confirm the feasibility of plasmonic lithography as studied here, we evaluate pattern quality by measuring line width roughness (LWR), an important parameter in conventional optical lithography. Line pattern qualities are evaluated by measuring several cross sections of line patterns. We define the LWR as the standard deviation (σ) of line width and plot it as a function of mean line width in Fig. 5 . Since the depth is dependent on the line width as shown in Fig. 4 , we determine the depth roughness (DR) as a standard deviation (σ) of depth, also plotted in Fig. 5 , in a similar manner. LWR is in the range of 4 ~ 16 nm and DR is in the range of 1 ~ 4 nm, so that LWR to line width and DR to depth are in the range of 0.05 ~ 0.20, which are comparable to those in conventional optical lithography. Figure 5 shows that the line pattern quality obtained in this work is stably maintained over a wide range of exposure doses. 
High-speed line pattern results
In terms of throughput, patterning speed is an important parameter to evaluate using a scanning probe. The patterning speed of near field lithography using a scanning optical probe is in the range of a few tens of micrometers per second. The scanning speed of the contact probe for the high-resolution line pattern shown in Fig. 3 is 20 µm/s. To improve the throughput of the patterning with the contact probe, we try to increase the scanning speed up to 500 times to get high patterning speed of 10 mm/s which is the speed limit of the sample scanner used in this work. In contrast to conventional near-field optical lithography using optical fiber or cantilever type probe, we have achieved about a factor of hundreds faster speed by getting rid of complex feed-back processing for the gap control. The results of line patterns recorded at this high speed are shown in Fig. 6 . Remarkably, the pattern recorded at extremely high speed, shown in Fig. 6a , is of similar quality to the pattern obtained at low speed. The array-type line pattern is also recorded with quite good uniformity, as shown in Fig. 6b . 
Conclusions
We demonstrate plasmonic lithography with a contact probe to achieve high speed patterning without external control of gap distance between the probe and PR. We achieve a patterning resolution of ~50 nm and a patterning speed of ~10 mm/s. Conventional patterning speeds for optical near field recording are generally a few tens of micrometers per second. We have therefore enhanced the patterning speed by a factor of hundreds without loss of patterning resolution. To demonstrate the method's feasibility, we evaluate the pattern quality in terms of LWR and DR, which are important parameters in the conventional optical lithography. We also demonstrate the stability of the high speed patterning process by recording a multiple line pattern to show the way to realize the high-throughput plasmonic lithography with an array of contact optical probes.
